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NATIONAL AD7IS0EY COMMITTEE FOR AERONAUTICS 
RESEARCH MEMORANDUM 

EEJELIMINAErr E7AIUATI0N OF 2 EE. PERFORMANCE OF A 
UNIFLOW TWO -STROKE-CYCLE SPARK-IGNITION ENGINE COMBINED ■ 
WITS A BLOWDOWN TURBINE AND A STEADY-FLOW TURBINE 
B 7 Bernaa^d I. Sather and Ramptou H. Foster 


S0J-a4ARX 

Calculations "baaed on a theoretical analysis vere made ifor a 
composite engine conatettng of a unlflov twoTStroke-oyole sparfc- 
Ignltlon engine^ a oompreesor, a blovdown turbine, and a s’teady- 
flov turbine. Values of net brake specific horsepower and fuel 
consumption are presented for a wide range of compression ratios 
and ratios of exhaust pressure to Inlet pressure, a fuel ■'air ratio 
of 0.067, an engine speed of 2000 rpa, a maximum cylinder pressure 
of 1200 pounds per square inch, an inlet -manifold temperature of 
200° F, and ah altitude of 30,000 feet. The total air.flov and 
pover of the ccHnponent engine were based on test data from both 
two- and f our-strojce-cycle engines. 

Operation of the ocanposlte engine was considered for the fol- 
lowing cases : 

1 . ^fe 3 :imum available temperature of gas mixture to steady- 
flow turbine unlimited 

2. Maximum tempsratim^ of gas mlxtiore to steady-flow turbine 
limited to 1600° F 

3. tfeximum available temperature of gas mixture to nteady- 
flow turbine unlimited; blowdown turbine omitted 

4. "Maximum temperature of gas mixture to steady -flow turbine 
limited to. 1600° F; blowdown turbine omitted 

The results indicate that the highest net specific powers are 
obtained at the lowest component -engine campression ratios; the lowest 
net specific fuel consumptions ar*e obtained at the hipest compression 
ratios. With the component engine considered, the maximum specific 
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output aM-.the rainlBiuni specific fuel consumption, occur at a ratio of 
exhaust to inlet -manifold 'pressure of approximately 0,9. Exhaust- 
gas- tempera t\ire limitation removal^ of the 'blovdown turbine 
adversely affect power 'butput . "and .effioienoy. Where exhaust temper- 
ature is not the limiting factor, pzceea air above the minimum 
required for adeqviate .scavenging lowers the efficiency but Improves 
the power output. . 


INTEOJUCTION 

When the conventional reciprocating aircraft engine is examined 
for possible improvements in power and fuel consumption, the greatest 
gain seems to be offered by recovery of the waste energy in the 
exhaust gases and by an increase in the air-handling capacity of the 
engine; The exhaust-gas energy may be recovered by exhaust- ^et pro- 
pulsion or by exhaust-gas turbines. 

Certain combinations of a reciprocating ©xigine with . exhaust -gas 
turbines and eaagine- or turbine-driven compressors, called composite 
engines, have been considered by -various investigators.. References 1, 
2 and ,3' discus's varioiiB types 'of composite englS.6 wherein the 
reciprocating-engine component is a four-atroke-cycle spark- ignition 
engine.- Referehces 4 to 7 consider composite engines with a f our- 
strolsre-oycl^ compression- ignition engine as the reciprocating codit>o- 
nerit. 


A preliminary evaluation of a composite engine consisting of a 
uniflow two- stroke- cycle ^ipark- ignition engine geared with a blowdown 
turbine and a steady-flow turbine in series with a suitable air com- 
pressor or compressors was mads at the NACA Cleveland laboratory. 

A two -stroke- cycle component engine was considered in this eval- 
uation becavLse the two-atrpke-cycl© engine handles more, air foi’ a 
given cylinder size than the four-stroke-oycla' engine. The increased 
air*-haiidllng capacity of the two-stroke-cycle engine is due to two 
characteristics: (1) A power stroke opcurs every crankshaft revolu- 

tion; and (2) there is a large valve- overlap duripg the scavenging 
period. The large quantity of excess air used in scavenging is use- 
ful for.,ei]glne cooling and for reducing the hemperatui’e .of the gases 
entering the steady-flow turbine as well as for increasing the mass 
flow through the system. ■ 

, The two types of turbine are uped in order that both the kinetic 
energy of., blowdown, and the steady-f low energy of, the' .exhaust gases 
may be recovered. Ihcperimeiitah 'results' for a turbine used 

to recover kinetic' energy from the exhaust gases of an aircraft' engine 
are reported ih reference 8. 
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■ ■ Tlie ,©ff ecta of canr^-esaion ratio and ratio of exhauet presaure 

■ to inlet pr 60 sure • on net .‘birake specific horsepower and fuel consunp- 
tion, of the composite en^ne were computed and plotted- to find the 
most desirahle. operating conditions. •'Hie, results^ in, the form of 
graphs, are shown mainly for one altitude, .one en^ne speed,, one 
.maximum cylinder pressure, one;lnlet-inanifoid air temperature, and 
one fuel.-air ratio. Jn addition, the effects of changes in inlet- 
manifold air ''temperature, scavenging- ratio, and fuel -air ratio on 
'the net performance are shown.. Power output of the ccmpoeite , engine 

■ could he increased conslderahly hy increasing the engine speed, hy 

increasing the- allowahle maximum cylinder pressure, and hy burning 
extra fuel in the duct leading to the steady -flow turbine. No cal- 
culations are presented, hcmevOT, to show the effects of these changes. 
Two temperaturaa . of ’ the gas.ipixt^® to the steady -flow turbine eire 
considered: a limited maximum -‘and the maximum available^. Results 

ar6 shown for operation with and without the blowdown turbine.. All 
turbines and ccmpressors are assumed to operate at their. 'peak effi- 
ciency under all conditions of operation, - 

‘ , Because this analysis is prlmeirily a thermodynamic -cycle anal- 
ysis, sizes and wei^ts of the v^ious ccanponente and me-bhods of 
control were- not considered. . 

ASSUMPTIONS MSraoIS'OF AHAIYSIS ' ; ; ■ ■ 

■ - ;The an^ysis. of the composi-be engine invol'yes the si^ific'aat 
characteristics of t'wo -stroke-cycle engines, the operation ‘of the 
turblhes, and assumptions necess^y, for tlie computations'. ■ 

- . . ■ - Significant -charetcterlstics' of two -stroke -cycle 'engines . -'Two 

types of uniflow two -stroke -cycle engine are schematfcally shown in 
figure 1. A comparlaon of the exhaust-flow areas" of these two- unl- 
fiow two -stroke -Cycle engines and'a four -stroke -cycle engine is shown 
ih. figure S, These flew areas, ape corrected for engine displacement 
and flow coef f ioients , The flow area of -the two -stroke -cycle engine 
is necessarily .greater 'than' that of the- four istroke-oyble englnej 
however, the; larger flow area and faster full-opening of the two- 
stroke -cycle e^aust yal-ye. ’(about one -fifth the time for the opening 
■pf the fou^*Tst??oke -cycle .exhapst yalve) probably is generally unap- 
preciated 'V^ep considering the kinetic energy of .the exhaust gases 
that is available for recoyexy by a blowdown tur'bine. The necessaiy 
rapid, ■yal'ye op.ening . is , -of ‘course, ' more ■ easily accomplished wi-th..the 
' crank-operateh siee-ye -yalve than wi'fch the cam-operated poppet -yalv© 
because of the simpler n^-felon of the .sleeve- valve. an«i : because inertia 
forces at high engine speeds are less of a problem. 
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The eahaust valve cjf the twc-strolce/-oycle engine of necessity 

■ open? earlier In the stroke and' much saore . rapidly than the exhaust 
valve of the four -stroke -cycle ehgine, which results In some loss in 
engine power. The ccanbination of 'earlier opening, which- provide© 
exhaust gases at hl^er initial pressure and temperature, and. more 
rapid opening, which reduces throttling losses, results > however, in 
■exhaust geises of very high kinetic energy during the blowdown period. 
■These gases can advantageously be further expanded to exhaust, pres- 
sure throu^ the blowdown turbine and then to atmospheric pressure 

■ throu^ the- steady -flow- turbine. The loss in component -engine power 
•caused by early exhaust-valve opening is thus to a great extent 
■reco-vered by the turbines. 

■ ■■■' Cylinder charging is somewhat more difficult in the two-stroke- 

cycle engine than in the foiir-stroke -cycle engine because of the 
shorter time a-va liable and becaiise the piston motion does not aid in 
scavenging the cylinder. For this analysis, the inlet valve of the 
two -stroke -cycle engine is cor^sidered to close later than the exhaust 
valve, thereby permitting some supercharging Independent of the 
exhaust pressure. It is assumed that most of theproesure loss in 
flow through the cylinder is across -the exhaust valve and that the 
inlet-port area is sufficiently large to accomplish this result. 
Unlike the foizr-stroke -cycle engine, which can operate at ratios of 
exhaust back pressure to inlet -manifold pressure Pg/l^ above 1,0, 
the two-stroke-cycle engine must operate at values of Ve/Va_ less 
than 1.0 to obtain flow thro^^gh the cylinder. Because the exhaust 
pressure ava-llable for the steady-flow turbine is limited to values 
less than inlet pressure, the blowdown turbine becomes more necessary 
in the two -stroke -cycle than in the four-stroke-oycle composito 
engine, The blowdown turblpe can be designed to impose no increase 
in engine, exhaust pressure, '■'vdiich' would allow an , increase in net 
output without penalizing either the. component engine or the steady- 

, Jflow turbine, . . . ■ 

An, example of the hlgji specific powers that hnvo been' obtained 
from, a two-stroke-^oycle engine is shown in figure 3. Those results 

were. -obtained "With a 4^- by 7-inch .two -stroke -eye 1© engine (■with 

0 

-poppet 'exhhuat- valves) using gas oli'ne injection and -.spark ignition 
"a'b 'an" effective compr^Sion rati-o of ■0,4. The hlgh' spoclf ic fuel 
ooftsumptibn- of ■ this -bwo -stroke -eye la engine’ "caused by ■blie rlch 
mixture of -fuel and air and by the incomplete expansion of the com- 
bustidn- gases' 'due tu .the early opening' of the exhaust valves. The 
loss in power, due -to. early valve -opening would be partly recovered 
by compounding with exhaust -gas 'turbines j- ■ 
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■ ' dp'er^tlon. -(yf bl<avdovn‘ and' B%eA33j-fT.o;f i - ' ^ ''A iMh^at ic 

‘4iagram.‘ of tlie ccadporidrit engine^ .1:li..e’o6mix^ssol:y and the 
' 'considered In- ttLie-ahalyBia is ahowi In' figure 4. -For thife 'analgia 
it .•iS' '€LB’e'U3ne(i- tiiat- tiio ’biOMdOwii 'turbine recovers 60 percent 'Of the 
energy available f or' blovdo-Wn* Only "ongine oombuatioh gaaea produce 
blowdo'wn-turbine power. The scavenging air lea'^ing the exhaust port 

■ is-' ooiieidared to bypass- -the blading of ‘the blofwdo-wri turbine by some 
mechanical means, but may pass throu^- the shroud of -the turbine and 

■ aid in- cooling. After passing around the blading, the scavenging 
air la mixed with the Oombustloii ‘gases that have passed thrbu^ the 

.blowdown tirrbine- The larger the quantity of scavenging air, tjis 
‘ 'lower 'will be -fche t^perature of this resultant nilxture'*. ’This'- 'gas 

■ mixture at eni^iie exhaust back pressure is available f of '■pfodu'oihg 
’■work' in .the’'st'eady -f low turbino by expanding frctm- exhaust -back pres- 
sure to a-tmoepberio presstire. The eahauat from the -steady -fidv tur- 

' bine is 'available f of ■ a smali "amount of propulsion but inasmuch 
as the results are presented only on a shaft -horsepower- basis,- the 
.let'; energy is omitted from the calculations. Some inlQt' ram' be 
produced by the forward- speed of the airplane but, for the same' rea- 
son, consideration of • r^*-pr6Bsuro rise and ram drag- is also ■■Gmltted 
' from the analysis. 

' When' the maxiTnuTti temperature of the mixture entering thS Steady- 
■f lO'W turbine la to be limited, scavenging air at exhaust pressure is 
bled from' the compressor or furnished by an auxiliary compressor on 
the same shaft and is mixed with the gasSs entering ■fche sfcsady-flow 
turbine. ■ 

Method of computation ^ - The power developed by the t'wo -stroke- 
cycle component engine was calculated from the rate of bombustion-air 
flow throu^ the engine and from thermal efficiencies 4>f a'four-stroke- 
cyole aircraft engine over a wide range of compression ratios. Use 
of these efficieiicies weis necessary because of- the- lack of similar 
data for the two -stroke -cycle engine. Unpublished' data fbr-a two- 
Btroke^cycle engine, however, "were used as a basis fpr estimating the 
air^flow of the component' ^eh^he. ' 

For the ccmputation of the net brake horsepower of the composite 
ehginej the compf essSfs and th'e 'Steady -fioW' turbine are aasvuned to b® 
Oil the same shaft and the- diff-efehce between the power developed by 
the steady-flow turbine and that required by the compressor is assumed 
■to-be traii^itted thoroU^ gears- - to the eiigine crankshaft with a gear 
efficiency of 90 percent An eff Icienby -of ' 95 percent Is ' assumed for 
the gearing used to transmit power frcaa the blo-vdown turbine to •fche 
bfahkshaf t';‘ iiet'-'- power •eutput Is' defined as the sulji of-' ■fche various 

quantities- of ' 'powOr"'dell-vered fo- 'the' brankahaft. - 
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The general metlxod of analysis is to vary the rabio of eahnuot 
pressure to Inlet pressviro and to oomput© the povors developed by 
the several engine components for the ohosaa conditions of operation. 
Neither the power req.ulred for intercooling nor that required for 
engine cooling is considered in the analysis. 

The derivations of equations applicable to the proposed cycle 
are presented in the appendix. , ' 

The assumed operating conditions aro; 


Maximum cylinder pressure, pounds i>er square inch 1200 

Temperature of gas mixture entering steady -flow turbine: 


(b) . 1600° F maximum limit 

Piston displacement above inlet ports, cubic feet 1,0 

Engine speed, rpm 2000 

Compressor efficiency, percent 80 

Steady-f low-turbino efficiency, percent , . ..... 80 

Blowdown -turbine efficiency, percent ; . . . . 60 

Steady -flow- turbine reduction-gear efficiency, percent .... 90 

Blowdown -turbine reduction -gear efficiency, percent 95 

Fuel-air ratio in engine cylinder . , 0.067 

Inlet -manifold air temperature, °F 200 

Altitude, feet . 30,000 


EESULTS OF ANALYSIS 

Operation of the composite engine is considered for the follow- 
ing cases: 

1. Maximum available temperature of gas mixture to steady -flow 
turbine unlimited 

2, Maximum temperature of gas mixture to steady -flow turbine 
limited to 1600° F 

3- Maximum available teinperatur© of gas mixture to steady -flow 
turbine imllmited; blowdown turbine csnitted 

4. Maximum temperature of gas' mixture to steady -flow t^^rbine 
limited to 1600° F; blowdown turbine omitted 

The curves for performance at maximum available temperature of 
the gas mixture to the steady-f low turbine are included only to show 
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tlae maximum possi'ble performance. If the calculated pe?:Comiance 
for these conditions had "been poor, there vould haye heen no point 
in further analysis , Jfore feasible performance yalues ■will he 
found on the curves for operation at limited gas-mixture temperature. 

Effect of Pg/pjjL on net power output. - Ihe effect of change 
in the ratio of exhaust to inlet -manifold pressure Pq/Pqj on net 
hraJce specific horsepower with maximum available tanperature of the 
gas mixture to the steady-floTf turbine unlimited is shown in fig- 
ure 5 for various ccsmpresBlon ratios. For each compression ratio, 
the trend of the power curves is to increase to a maximum and then 
decrease as the pressure ratio Pg/Pm is increased. This trend 
in net power is generally the same as the trend of the difference 
between turbine eind compressor powers because over a large range of 
Pg/pjjj^ the component -engine power changes relatively little. The 
changes in net brake specific horsepower caused by changes in the 
ratio of Pg/Pj^ or by changes in component -engine compression ratio 
are due px’lmarlly to the shifting of the load between the turbine- 
o empress or unit and the component engine. Maximum power output 
occurs at a pg/pm of approximately 0.9. As shown later, If the 
oomponont engine had a lower scavenging ratio for a given ratio of 
Vq/'D^^ than that of the component engine considered for this calcu- 
lation, the maximum power output would occur at a lower ratio of 
Pg/Pjj^ than 0.9. 

The effect on the net brake specific horsepower of. limiting 
the maximum temperature of the gases entering tlie steady-flow tur- 
bine to 1600° F and of omitting the blowdown turbine is shown in 
figure 6 for a compression ratio of 3. Because the component engine 
considered had a relatively hi^ scavenging ratio for a given value 
of Pg/p^, exhaust temperatures are fairly low and temperature lim- 
itation therefore has little effect, particularly when the blowdown 
turbine is included in the system. Ihe general effect of limiting 
the maximum gas temperatiire is to decrease the maximum power output. 
Omission of the blowdown turbine materially reduces the power output 
throu^out the entire operating range. 

Effect of Pq/Pjh on net specific fuel consumption. - The effect 
of change in the pressu 2 »e ratio Pg/i^ on net brake specific fuel 
consvimption with the maximum available temperature of the gas mixture 
entering the steady-flow turbine unlimited is shown in figure 7 for 
various oompresalon ratios. Net specific fuel consumption is hl^ 
for low values of Pg/pn^ and decreases as the ratio Vg/Via. t.s 
increased. The changes in net specific fuel cc^umption with changes 
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In Pq/% and ocaiips'easlon J^atlo are due to the shlftlrijg of the load 
between the dotopdnent engine and the turbine -ccanpresBor unit. Oyer 
the range of operation chosen, minimum net specific fuel consumption 
occurs at a P©/Pjn of approximately 0.9. If the component engine had 
a lower ecayenging ratio for a given, value of P©/Pqi than that a£ the 
component engine considered, the fuel-nonsimiption curves would be 
flatter. 

The effect on net brahe specific fuel constjmption of temperature 
limitation and the omission of the blowdown turbine at a ccmpression 
ratio of 3 is shown in figure 8. Temperature limitation again has 
.little effect on the compos Ite^r-engine performancoj it sli^tly Increases 
the minimum net brake specific fuel consumption. Omission of the blow- 
down turbine increaaea the net brake specific fuel consumption over 
the entire range of operation. 

Effect of compress ion ratio on pexformanoe , - The hlghes't net 
specific horsepowers occur at the lowest component -engine compression 
ratios and the lowest net brake specific fuel consumptions occur at 
the highest ccsEpresslon ratios (figs. 5 and 7, respectively). Higliest 
power outputs occur at the lowest compression ratios because the max- 
imum cylinder presaure in the component- engine Is kept constant; thus, 
at the low compression ratios, a hi^ inlet -manifold pressure may bo 
used. The hl^ Inlet -manifold pressures, together with Increased 
combustion -chamber voliuae available at the low compression ratios, 
increase the mass flow through the system,, which results in hl^er 
outputs. Lover not specific fuel cons'jmptions occur at the hl^er 
compression ratios because the component engine is more efficient and 
takes a greater share of the load. 

For convenience, the curves of net brake specific horsepower have 
been plotted against net brake specific fuel consumption in figure 9. 
From this figure the net power and corresponding fuel consumption may 
be obtained for any desired operating condition. 

The most probable method of operation is with the maximum tem- 
perature of the gas mixture entering the steady-flow turbine limited 
to 1600° F (fig. 9(b)). 'When the engine operates at the optimum 
value of Pg/pjj^ 5=0;9, the net brake specific output at a compression 
ratio of 3 is 2.62 horsepower per cubic Inch of piston displacement 
with a net brake specific fuel conevanptlon Of 0.353 pound per horse- 
power hour. At a ccmpresaion ratio of 10, the net brake specific 
power and fuel consumption are 0.71 horsepower per cubic inch and 
0,303 pound per horsepower hour, respectively. Operation, at other 
compression ratios gives performance values between these quantities , 
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.-'-.EPfeot of - Pe/Pni coJupreBsloti' ratio cut gas -mixture temper- 
aturd '. - ^e~ effect of chan^ in' aud'-ifi. c(W>reee Ion ratio" 

• Oil the teanperature of the. gas mixture’ entering’ the’ stea^j-flow tur- 
bine, ’>jlth aiid without the blowdown turbine^ is ehtowrl in figure, 10. 
The gas temperaturea • are ' lower with the blov^wn -turbine bece^use 
i-feh'e blowde-wn turbine absorbe acme of the eshauat-gaa energy i. 'All 
temperaturea are cfaaparatiTeiy low because the large- smiouiit of 'sdaT- 
enging air passing throu^ the component engine dilutes -the combus- 
‘^ion‘^''^seB . ■ . -T. . 

t •> r ^ . . ’ . t *.• ** 

‘ L-tfad distribution . - m order to determine load -dlstrlbutleh, ■ 

- the: power ‘.developed by each ccmpohent of the ccaaposite engine, w&s 
.plotted as -a percentage of the maximum power output for ccmgireset'on 
■ratios of 3 and 6 (fig. 11). The lower the compression ratio,, -jihe 
/grea-b.er. is the percentage of net power absorbed by the oompresa^r 
'•6'r-^ delivered by the turbines. • 

’■ ■ * lECfeot of changes in Inlet -manifold temperature, ecavehglhg 
ratio, and fuelralr ratio . - The effect of changes in inlet -n£anlf old 
temperature, in Bcawenglng ratio, and in fuel-air ratio on net brake 
specific horsepower and net brake specific fuel consumption is shown 
in figures 12 and 13, reapecti-roly, for different operating condi- 
tions. Also included for comparison is a curve of standard perform- 
ance at the same compression ratio (in this case, 6). The seme- 
'inlet-manifold pressures used ir£ the' standard curve are used' in the 
curves showing the eTfects of -the various changes; maximum cylinder 
pressures, however, are not 'necessarily the same. Standard scaveng- 
ing ratio is that defined by eqiiation (?) in the appendix, 'Standard 
inlet -manifold temperature and fuel-air ratio are the assumed values, 
200° F and 0.067, respectively . 'When -bhe fuel-air ratio is -increased 
to 0.081, the fuel, not burned in the cylinder is assumed, to hum in 
the duct leading to the steady-flow turbine. Sufficient air is avail- 
able «t that.-poin-t to allow comple-be ccsnbustion. 


The curves show that, at a Pq/% of 0.9, Increasing the inlet- 
manifold temperature to 300° F with the blowdown turbine included 
results in a 13 -percent decrease (compared -with the standard curve) 
in net brake specific horsepower (fig. 12(a)) but in only a 1-peroent 
increase in not brake specific fuel consumption (fig. 13(a)), With 
the blowdovm turbine cmiitted, -fche power reduction (compared with -the 
standard curve with blowdown turbine omitted) is approxima-teiy 
15 percent''' (fig. 12(c)), but the increase in fuel consumption is 
negliglbib- -(fig. -15(c))..-- ' • 
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Dooreasing the fuei-rair. r^tio to 0,054 vlth the hlowdown turhlne 
results In' a 10-percent rodtiotlon In net hrake specific horsepover 
and a 1'0-percent reduction in net 'brake specific fuel consumption at 
a Pg/p^ ' of -'With the blowdown turbine omitted^' the reduction 

in power (compared with the atandazd. ourre with blowdown turbine 
omitted) is approximately 8 peixient and the decrease in fuel consump- 
tion approximately 12 percent. 

Increasing the fuel-air ratio to 0.081 with the blowdown tTirbine 
results in a small (4-percent) Increase in brake specific horsepower 
at the hl^.. ratios of Pg/l^" and a small decrease in power at the 
' low ratios of Pg/pja* braJco specific fuel consumption is increased 

appraxlmately 16 percent at a Pg/l^ of 0,9. ¥ith the blowdown tur- 
bine dmltted^ the power is increased (coraparod with the standard curve 
with blowdown turbine omitted) ' approximately 9 percent at a Pg/pm 
of 0.9 but at a Pg/% of 0.2 the increase is negligible; the 
increase in specific fuel consumption is approximately 11 percent over 
most of the range .' ■ 

The scavenging ratio wa's’ assumed to l:>e decreased to a value equal 
to 70 percent of the standard scavenging ratio. Such a change could 
be effected by a change in valve timing or in engine speed. Eiglne 
speed is unchanged In this analysis,- The net brake specific horsepower 
(fig. 12(a)) is higher than the value for standard conditions at low 
values of Pe/pm and lower at hi^ values of pg/pj^. The net brake 
specific fuel consumption (fig. 33(a)) is lower than the value for 
standard conditions' for ail ratios of Pg/pj^- up to about . 0,8. Whereas 
for all the other operating conditions investigated the maximum power 
occurs at a Pe/Pm of 0.9^ maximum power occurs at a Pg/p^i of 
approximately 0.6 'sdien the scavenging ratio is reduced tO' 70 percent 
of the standard (fig. 3.2(a)). The*^ results indicate that^ where 
exhaust temperature is not the limiting factor, excess air above the 
minimum req.ulred for adequate scavenging lowers the efficiency but 
increases the power output. 


STJMMAEy OF EE3ULTS 

A theoretical analysis of the performance of a composite engine 
(uniflow twof-eroke-cycle spark-ignition engine, compressor, blowdown 
turbine, and steady -flow turbine) with operation assumed at a constant 
maximum cylinder pressure of 1200 pounds, p^r square inch, an engine 
speed of 2000 rpm, an inlet -manifold temperature of 200° F, steady- 
flov-turbine and compressor efficiencies of 80 percent, and an alti- 
tude of 30,000 feet, gave the following results: 
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The hi^saj: net apeoif io hbrsepowers wore ottained; at the low- 
eat component -engine compression ratios; the lowest net brake speci- 
fic fuel consumption was obtained at the hipest compression ratios. 
For the component engine considered, the maxlmym specific power out- 
put and minimum specific fuel .consumption occurred at a ratio of 
exhaust to manifold pressure Pe/Pm of approxiiaately-.0.9. At a 
compression ratio of 3 and. a ratio of Pq/i^ of 0,9 with a blowdown 
turbine and with the maximum eahaust temperature limited to 1600° F, 
the net brake specific power output was 2.62 horsepower per cubic 
inch of piston displacement and the net brake specific fuel consump- 
tion was 0.353 pound per horsepower hour. At a ccmprossion ratio 
of 10 and a Vq/v^ cf 0.9, the net brake specific power and fuel 
oonsxmiptton were 0.71 horsepower per cubic inch and .0.303 i>ound per 
brake rcraspover hour; respectively. Exhaust -tanperature limitation 
and c^.issicn of tna blowdown turbine adversely affectod these values. 
¥here ezdaaust teciporature is not the limiting factor, excess air 
above the minimum required for adequate scavenging lowered the effi- 
ciency but did Increase the power output. 


Flight Propulsion Eeseai'ch Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveleind, Ohio. 
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APPENDIX - DEEUVATION OF EQUATIONS NECESSABT TO AlfALYSIS 

AbireTiatioaa 

The following abbreviations are used. In the derivations: ' 
achp horsepower req.uired to drive auxiliary compresaor 
bhp breike horsepower of component engine 

bthp horsepower delivered by blowdown turbine 
chp horsepower required to drive compressor 

Ihp , indlcetud Licrt-’epower of component engine (baaed on power loop) 
isfc indicated epecifio fuel constaaption 

nbhp net brake horsepower of composite engine (component englno^ 
turbines, and compressor or compressore) 

nbsfc not brake specific fuel consumption of composite engine 

nbshp net brake specific horsepower of composite engine 

l 

sfhp horsepower delivered by steady -flow turbine 

Symbols 

The following symbols are usod in the derivations: 

C concentration 

o specific heat at constant pressure of entering scavonglng 

air, 0.243 Btu/(lb)(°E) 

o„ specific heat at constant pressure of combustion gases during 

’ blowdown process, 0.3 Btu/(lb)(°E) 

c_ Q specific heat at constant pressure of gas mixture ontorlng 
* steady-flow turbine, 0.3 Btu/(lb)(°E) 

c_ „ specific, heat at constant pressure of gas mixture before 
^ addition of auxiliary air, 0,3 Btu/(lb)(°E) 
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g srieoific heat at caQatap.t voltuce of gases In cylindor 
^ during scjsvenging prooees, 0.243 Btu/(lb}('^) 

F/a fuel-air ratio in cylinder of ccmponont engine 

S' speed of coiriponent engine, arpm. 

amhient-air prossui'e at altitude of 30,000 feot, 8.88 in. 
Eg absolute 

Pg exhaust pressure of component engine, in. Hg absolute 

inlet-manifold pressure of component engine, in. Eg 
absolute .... • . • 


Pr . 


E 




'■ao 




T 


e,l 


T. 


e,2 


eahaust release pressure of componont engine, in. Eg 
absolute 

compresaion ratio of component engine based on swept volume 
above ' inlet ports 

expansion ratio of component engine, O.GO r^ 

gas constant during blowdown process, 53.9 ft-lb/(lb) (°E) 

ambient-air temperature at altitude of 30,000 feot, 412° E 

temperature of gases at outlet of auxiliary compreseor 
°E 

temperature cf gas mlxturo entering steady -flow turbine, °E 

temperature of gas mixture entering steady-flcw turbine 
with blowdown turbine included, °B 

temperature of gas mixture entering steady-flow turbine 
with bftwdown tuibino omitted, °E 




temperature of gases in cylinder at start of compression 
aftor evaporative cooling by fuel, °E 


temperature of air entering inlet manifold of component 
engine, °R 

T toaperature of gases in cylinder at completion of scavenging 

process, °E 
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temperature of gaaes in oy3.indar at start of scavenging 
process, °R 

di a placement of component -engine piston abovo Inlot porta, 

1 cu ft 

total piston displacement of component engine, cu in, 

voi^t flov of total air admitted through inlet ports, 
Ib/sec 

vei^t flow of air throu^ auxiliary compressor, Ib/sec 

vrel^t flow of air available for conibuBtion, Ib/soc 

wei^t flow of gases entering steady -flow turbino (W^ + 
Ib/aec 

weight flow of fuel admitted to engine, Ib/sec 

wei^t of air admitted through Inlet ports plus weight of 
fuel, (Wg^ + W|.), Ib/seo 

adiabatic epeponent for combustion gasos during blowdown 
process, 1.30 

adiabatic exponent for gas mixture entering steady-flow 
turbine, 1.30 

efficiency of blowdown turbino, 0.60 

adiabatic efficiency of compressors, 0.80 

efficiency of reduction gearing between blowdown turbino 
and component engine, 0.95 

efficiency of reduction gearing between steady-flow turbine 
and cempressor and component engine, 0.90 

scavenging ratio, ratio of weight of fresh charge dollverod 
through Inlet ports to wel^t of fresh charge that would 
canpletely fill cylinder at inlet -manifold density at 
time of inlet -port closing 
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Tig BcaTenglng officiency, ratio of vei^^t of fjt^li charge 

ooatalned In cylinder at time of inlet -port closing to 
■vrei^t of fresh charge that would ccmpletely fill cyl- 
inder at inlet-manifold density at time of inlet-port 
■ closing 

T}^ adiabatic efficiency of stoeidy -flow turbine, 0.80. 

inlet -manifold doneity of component engine, Ib/cu ft 


Eq.uations 


SoaTenglng efficiency . - The three types of scavinging propeas 
are: (1) complete scaTenging, in which each volume of- fresh charge 

entering the engine cylinder displaces an equal volume of combustion 
gases, (2) zero scavenging, in which all fresh charge entering is 
so short-circuited throng tlis eahaust porta that no combustion gases 
are displaced, and (3) scavenging by perfect mixing, in ^diich each 
volume of fresh charge entering the cylinder mixes perfectly with 
the combuetlon gases and a volume of this mixture, which, an energy 
balance shows, is sufficiont to keep constent tho total enthalpy of 
the contents of the cylinder, is forced out the oahaust ports. The 
actual scavenging process lies somewhere within the limiting processes 
and Is influenced by the design of the cylinder. These t^ee. typos 
of scavenging process are shown in the following sketch: 


I 
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tiasB of fresh charge that entered cylinder 
Inlet density X cylinder volume 


The equations for curves 1 and 2 are obvious. The equation for curve 3 
may bo derived as follows ; 
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Consider a cylinder containing a gas B 'witli. a volume V at 
temperature Tg, Gas A at temperature .T* is introduced into this 
cylinder at such a rate that mixing of the wo gases is complete at 
all times. During this process, which occurs at constant pressure 
the mixture of gases is discharged through an exhaust port at 
such a rate that the total enthalpy of the contents of the cylinder 
remains constant j that- is, the product of the mass of gas in the cyl- 
inder and its temperature remains constant. 


mass of gas mixture in cylinder 
temperature of gas mixture in cylinder 
mass of gas A in cylinder 
mass of gas A introduced into cylinder 

mass of gas mixture leaving cylinder when isJA^ la . introduced 

concentration of gas A iii cylinder, . . 

If . AM^ enters the cylinder, adding to the cylinder, the product 
a mass of gas muet leave the cylinder that 

T^AM^=TAMl 

and 

The increase in amount of gas A in the cylinder with an amount 
added to the cylinder and an amount of mixture leaving Is 

AM^ = AMj^ “ CAi^ 

or 

. 

dt^ . dMi (l - 0 a) 

^ - “a (j- - t) 


Let 

M 

T' 

Ma 

AMl 

C 
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aad_, if tile subecript B repres^ts ’'the ceBditions in tbe cylinder '■ 
before the scavenging pz'ocesa starts, then 


/ 

dl^ = dMj^ f^l 


% Ta'N 

% Tb/ 


The Bolntion to this differential eqLuation is 


% 



e 


Ma 

% '% 


The constant of integration is determined frcm. the fact that 
=1 0 ■«^en = 0. HTow 


Mb'J’3 


S 


so that 



but 


Z^Tj^R 

-5^ -pZ “ ”> 


vhere Pa is the pressure and the density of . the entering gas, 

and 


MaT^ _% 
Pa"’’ Pa^' 


Thus 




The following procedure Ts tised to find the tecjperftture at the 
end of the scav^glng process c The increase of mass qf In the; ■ 
cylinder is equal to the. mass .of' gas A..; entering mimza ■^e mass of 
mixture leaving; . f 


Thus 


dZ4 - dM^ - dZ^ 



18 


NACA EM No; E7D29 


or 


and 


Because 


where E. 


dM = dM^ - -A dM^ 

dM = dM^^i - -~y 

M T = K ■ 
is a Gonstaxit, and 

TdM + MdT = 0 


and 


then 


and 


di4 = 


MdT 

T 



dT 




dM 


/'T -_TaN, 

■ J 


At, 


V 


T df4^ 


The solution to this differential equation, when E = Mp Tg, is 




The constant of integration is determined from the fact that T * Tg 
when .= 0, ■ ' 

' 5 ’ 

Unpublished datet obtained, on - a 4^- by 7-inch unirio*»r tvo-stroi:e- 

o 

cycle engine Indicated that its scavenging efficiency was scjmewhat 
hi^er than that predicted by equation (l). For this analysis, the 
scavenging process was therefore considered to be 75 percent scaveng- 
ing process 1 and 25 percent ' scavenging;, process 3, 
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•■Thus .iDetveen, the limits of Tjy from 0 to 1,0 


llg = 0.75 + 0.25^1 - - 

and hetveen. the limits of from 1.0 to cd 

rig = 0.75 + 0.25 ||^1 - ; 

The final scarenging temperature vas similarly ooEiputed, 
Thus between the limits of. tji.- from 0 to 1.0 ■ . . .■ 


Ta = 0.75 ! 






m 


T1, 

L 




+ 0*25 




- (^1 - — te 

V V 


-Tlr 


and between the limits of from 1.0 to <» 




0.75 T^ + 0.25 


‘-m 


rp V 

-^m 1 .-tlr! 


^Vt)^ 


(3) 


(4) 


(5) 


(6) 


T3ie curve produced from equations (3) and (4) is shown in figure 14. 
As the curve is prorated between a smooth curve and a curve composed 
of two strai^t lines meeting at an angle^ the prorated^ curve at 
Tjj, £= 1,0 . has a rather siiarp curvature, which Is smoothed out by 
fairing the curve in this region. 


The value of Tg depends on the value of T^, which in turn 
depends largely on the compression ratio of the engine. Over the 
range of operation and in the region in >dilch points were .computed, 
however, the values of Tg were little affected by changes in com- 
pression ratio, and thus an average curve of Tg was chosen apd 
plotted in figure 15. This curve was faired in the regicm. of 
Tly = 1.0 in the same manner as the scavenging-efficiency curve. 

Scavenging ratio . - If the two -stroke -cycle cylinder is con- 
sidered. as an equivalent orifice^ it can be shown that 
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Data taken on the 4-— by 7-inch two -stroke -cycle engine showed 
that the acaTenglng ratio can then'.he expressed by 

1 0.341 


0.292 


L. 


I 1 

V 


Pe 


N 




iT. 


■m 


(7) 


Ihia curve is plotted in figure 16 together with the .corresponding 
ctirye of scavenging efficiency . cross -plotted from figure 14. Also 

shown in figure 16 are experimental data points from the 4:^- by 

0 

7-lnoh two-stroke -cycle engine that show the excellent agreement 
between predicted and experimental valx^eo . 


I nlet -manifold pressure . - In order to illustrate the effect on 
engine power of changing the ocgpressipn ratig, some relation must be 
found between limiting inlet -manifold pressure and compression ratio. 
Inasmuch as prediction of knock-limited manifold pressure was impreic- 
tical for the type of oompon^t engine gonsldered, no relation between 
knock- limited manifold pressiire and compression ratio could be found. 

It was therefore decided to limit the Inlet -manifold pressure at each 
compression ratio to a value that would give a maximum cylinder pfes- 
Bur© of 1200 pounds per sq.uoro inch absolute at a fuel -air ratio of 
0.067. 

Thermodynamic charts of internal -combustion-engine fluids (ref- 
erences 9 and 1C) were used In determining the manifold pressure. Addi- 
tion of fuel is assumed to produce a drop in the temperature of the 
working fluid of 40° Fj so . • . ' • 

Tf = Tg - 40 (8) 

The quantity 1' - f where f is the fraction of residuals in the 
cylinder must be known when the thermodynamic charts are used. . The 
quantity 1 - f can be obtained from the equation 

where 

0 = % ^ ( 10 ) 

■^m 

Curves of inlet -manifold pressure as a function of compression 
ratio and P 0 /Pj^ shown in figure 17. 
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Exhaust release preBsure . -."Sie exhaust release pressure was 
also determined frcm the theimodynairiio charts. A heat loss of . 

15 percent of the total heat input to the cylinder vas assumed to 
occur at the end of expansion. 


CoahustiOn-air velght-floy rate . ~ Frcaii the definition of scav-r 
enging efficiency, the oomhustion-alr veight-f low rate is 


W 


c 




( 11 ) 


Pnt' = 1*327 


Pm i«327 pn^-' 
- §60 , 


(12) , 


Total-air veifd^t-flov rate . - From, the definition of scavenging 
ratio, total -air -wei^t-flov rate is 




To 

60 ■’Ir 


■vdaere t]j, can he calculated from equation (7)-. 


(13) 


Fuel velf^t-floy rate . - Hho fuel vei^t-flov rate is 

Wf = ¥„ f/a , (14=) 

Indicated horsepo~wer per pound of comhustion air per hour (com- 
ponent engine)" - Because ^ the required valve timing in the two- 
stroke-cycle engine considered, the expansion ratio is less than the 
compresBion ratio; in the present case, the expansion ratio is O.SO 
of the compression ratio. 


It can he shovn that for Otto cycles, -where the ratio of expan- 
sion to compression is in the range of 0.80 to 1.0, the efficiency of 
the cycle can he based on the expansion ratio with good accuracy. 


Because of lack of data on the thermal efficiency of t-sro-strolce- 
cycle engines at various compression ratios, it is convenient to use 
four-stroke -cycle data. The close agreement between two -stroke -cycle 
and four -stroke -cycle thermal tfficiencles can be shown by the fact 
that the indicated specific fuel consumption frcaa -the 4^- by 7-inch 

■two -stroke -cycle engine wi-th an- expansion ratio of 5.44 -was 0.470 pound 
per indicated ho 3 ;sepo-wer hour, Pereas -the indicated specific fuel 
consumption of a conventional four-stroke -cycle engine corrected to 
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a cGiflfjree Sion ratio of 5,. 44 was 0 j 462 pp^d per Indicated horsepower 
hour at the same fuel-a’ir ratio-. ■' ■ ' ■ ' " 

Data from reference il and unpublished data from tests on ah air- 
cooled cylinder were analyzed, and em equation for Indicated specific 
fiiel consumption as a function of ^oompresslon ratio was' found to bo 

0.. 1317 , , 

Isfo = p J r (15) 

I 3- - r 0-22 i 

i- j 

Kie agreement between values calculated from the equation and experi- 
mental results over a range of compression ratios at a fuel-air ratio 
of O'. 067 is shown by the following table:. 


Compression ratio | 

jn.aica.uea speciric 
fuel consumption 



Experimental 1 Calculated 

! 1- . . . 

4.7 

0.457 

0.457 

6.7 ■ • 

• .384 

. 394 • 

7.93 

.360 

.360 . 

9.69 

.335. ' 

.335 


Equation (15) may be converted to permit calculation of indicated 
horsepower hour per pound of combustion ai^t Th® modified equation 
may- be used for 'computing, the . two-stroire-oyc la perfomance by using 
the expansion ratio instead of the compression ratio." The indicated 
horsepower hour per pound of corabustioh air at a, fuel-air ratio of 
0,067 is then ' ‘ ' ■ ' 


ihp 

3600 


;= 0.5085 /l 

V 



(16) 


Indicated horsepower of component engine . - The indloatcsd, horoe- 
. power of .the component engine is . - _ - . 


ihp 


3600 ¥q ° 


3600 


(17) 


where Wq may.te caloulatsd from.. equation (ll) and 
equation (i6).,,.’ , • 


ihp 

3606 Wc 


fri3m 
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Listed liera in taiular fom for ocaiqjariBon are -vnlTiOB of 
oated epecific power calculated accordins to this analysis and some 

experimental data from the 45— "by 7 -inch two -s'trolce -cycle engine at 

O'. -f- • 

a fuel-air ratio of 0.075, an engine' speed, of 2000' rpn., add'^ 

exhaust pressure of 30 inches of meroiiry absolute: ■■ ' 

. * ... -t-' • 

■ ifenif old pressure | • Specif ic- power 

(in. ' Eg ahs. ) j (:^p/cu 'fe») ' " ■ 

' I Etperim&tal~f Gaic’ulated 


'44 

■■'46 

’ 48 

'50 




r. 1.04T 

i.loe 

■ 1.148 

: i.i 75 „ 




1.060 • 
1.113 
1.163 - 
1,215\ 


Althou^ eirperimental date are not ayailable for the upper rpnge. of 
power, the table showH that calculated end experimental power -out- 
puts dgree’wel^^ in tie lower range. . 

V Byake/horbreyower of ccmponejit engine . ^ Data from an inyefitj- 
gationToonductfed f e?r the Army jsir Forces on a by 7Tinch 'ulSifiow 
twoHstibke-cycJLe engine showed that p\unping power -was negligible’ and 
that’ mechanical friction was the largest loss in conyefsion; bf ylndi- 
cated horsepoveo: to breike. horsepower. . Analysis of those data indi- 
cated -feliat the friction horsepower of the component en^ne approx- 
imately 20'0. ■ ’ . ' 

Therefore ' S - ■ . 


bhp =. ihp - 200^ 

Horsepower req,uired by ccsruiressor ; ' - 
the' compressor .. is giyen by 


• chp 




!“9.iWaTa LIp;/.. 

'J 

1 ' . nc QQQ A, 

( 

V 

j 


(IQ) 

The power required tb driye 


.:Ci9) 


Blowdown -turbine horsepower . - Blowdown in the cylinder le pon- 
sldered to ' take' place Irma, exhaust release pressure’ to iniirti-mari^'old 
pr^sure. The pressure drop across th& blowdown turbine Is .thiuB. f rom 
exhaust release pressure to ejdiaust back pressure at the starts of the 
. proces’s, and. f;ppa inlet Tmanlf old pressure to exhaust back pressure at 
the end of .the process. Scavenging air is considered to bypass the 



M 

Ip- 


blxwdcfwn-turblne blading bub may paea idirou^ tbe shroud otf the turblae and aaaiat in 
cooling th© turbine. Ibe scavenging air then mixes vith the ccaabustion gases that hare 
passed throu^ the blo'wdown turbine end the mixture of these gases la available to pro- 
duce vork in the steady -flov tiirbine. 

The hcuBepower of the blcmdown turbine is given by the equation 


bthp ■= 


-770 

r^ - 1 33,000 


0.491 X 144<p 
®7b 






7h 

V?e 



The value of was chosen to be 0,60j a conservative ^sumption based on material from 
reference 12. ' 


Temperature of mixture entering steady-flow turbine .. - An energy balance across the 
cylinder daring the scavenging process ragults in 


^ + Ha ' Ss = He 

where 

internal energy of gases in cylinder at start of scavenging process, Btu 
total enthalpy of entering scavenging air, Btu 

Internal energy of gases in cylinder at end of scavenging process, Btu 

H enthalpy of scavenging gases leaylng cylinder, Btu " 

0 


^ ~ % ^x 


Because 
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■wiiere M is liere the veigjit of the- gases and 

Mo Tg = T3- 


then 


and thus 


H^ = E3. 

An. energy balance of the blowdovn process from the cylinder yields 
the equation 

Ej, = % 4- V + Hg 


where 

internal energy in cylinder at time of exhaxist release, Btu 

internal energy in cylinder after blowdown to inlet -manifold 
pressure, Btu 

w, work output of blowdown turbins, Btu 

H enthalpy cef combustion, gases after leaving blowdown turbine, 

® Btu 

The total enthalpy H of gases entering the steady-flow turbine 
is then 


Eq + Eg = Ej. - + E_a - w = Eg 

Ep - Is given by the equation 


2r " ^ ~ 




JnL (p^ - p^) t>.491 X 144 
S7b 


and if -the enthalpies are computed from & temperature base of 660° E, 
the temperature of the exhaust gases entering the steady-flow turbine 
with blowdown turbine included is 
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Op,b , , bthp 33,000 

^ Pq - 1 Er-b 0.491 X 144 . - N 778 , , 

Tq T = 2 ^ + 660 ( 21 ) 

' cn 


The temperature of the gaaes entei^ng the steady-flow turbine with 
the blowdown turbine omitted Is 


T 


e,2 


”e "c °p,b . 

r^j Tq - 1 E^-b "" 0.491 X 144 

^t ®p,g W 


+ 660 


( 22 ) 


Weight-flow rate of auxiliary-ocaapreseQr air reguired to reduce 
temperature of ga s es e nt ering gt eady-f low turbine to 16 00° F. - The 
weight-flow rate of auziliary-con^essor air with blowdown turbine 
Included is given by the equation 


W, 


ao 


Wt S.e - Wt - 660) 


°Pja ^ac 


°p,a - °p,e 


. (23) 


The wei^t-flow rate of airxiliary -compressor air if the blowdoWn tur- 
bine is omitted is 


W 


ac 


'^t °,..e 

°p,a *^ac “ '^p^a 


%.g 2 

660 - 


- 660) 
1400 


(24) 


Horsepower required to drive auxiliary ocgapressor , 
power required to drive the auxiliary compressor is 


aohp s 



U Pe f -2®=- 1 

189.1 Wac Ta 

i \ 

’lo 

550 


- The horse- 


(25) 


The air temperature at the outlet of the auxiliary compressor is 
given by 


T, 


Tac - — 


a 

Tic 



0.283 


Horsepower of steady -flow- turbine . 
the steady-flow turbine is 


1 


+ Ta (26) 

The horsepower produced by 
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sfiip 1I§. ,G^ ~ ¥f, T„ 

- • - 550 - ?>® - ® ® 




(37) 


Ibe gaa-iaixfcure temperature Tg ‘ may be’ either Tg Lf the blov- 


■ ■ dowct .turbine- Is present -dr ■ 2 ' 


when the 'bl,owdov^ turbine is 


omitted. ’When- taaperature-llmited operation Is- encouiitered,- Tg ■ 
is 2060° B. 

Bet brake- -hors epowei: -. - Che net brake horsepower of the ccm- 
.poslte engine "is - ‘ 


nbhp = bhp -i- tj_ g (efhp - chp - achp) -i- Tj- -v, (bthp) 
33’ ' B'fhp’’ Vis less than (chp'-i-^.'a6hp). Tig, e- chang^ to 


(38) 


--1 


and the product 




‘g^e 


(sfhp - dhp i-'achp) is algeb rale ad ly added. 


Net brake specific fuel oohjgumpttqn, . - The net brake specific, 
fuel’ jtKJnjBUmpt ion of the composite. engine.; is ' 

W. 


nbsfc = 3600 • (29) 

. - nbhp. ' 

. Net brake spec if lo horaepover .' - For convenience,- -calculations 
of the component -engine- horsepowers and air flows -were based -oil a 
piston displacement- above the- ports of 1 cubic foot. 


If the ratio of 0 empress ion patio based on piston displacement 
above the inlet ports to the ccmipreBSion ratio baaed on total -piston 
displacement is taken to be 0,8, a conaerVative figure, the “fiotal 
piston displacement then becesmes ' ; . 


1728 X 1.25 



and the net braire specific power per cubic inch of piston displace- 
ment is - 


. ntshp =f. 


n'bhp • 

STGu rg - 0.8 • 


(30) 


At a compression ratio of G, the piston displacement -j/ould be 

the same as -bhat of a 12 -cylinder engine with a bore of 6 inches and 

a stroke of 65- inches. 

4 
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(b) With s I t d i n g - s I e ev e exhaust valve. 


- Concluded. schematic diagram of uniflow two- 
stroke- cycle engine. 
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Figure 2. - Comparative exliaust-flow areas for two- and four- 
stroke-cycle engines from start to full opening. 
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Inlet-manifold pressure p_ 


Hg absolute 


Figure 3. - Performance of 4-- by 7-lnch two-stroke-cyole spark- 

0 

Ignition engine with poppet exhaust valves and piston-controlled 
inlet ports. Atmospheric exhaust; engine speed, 2000 rpm; fuel- 
air ratio, 0.075; fuel, 100-octane gasoline plus 3 ml TEL per 
gallon; Inlet-air temperature, 92° P; effective compression 
ratio, 6.4. 
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Figure 5, - Effect of pressure ratio Pg/p^ on net brake specific 
horsepower of composite engine for various compression ratios. 
Maximum available temperature of gas mixture to steady-flow 
turbine unlimited. 
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Maximum available temperatiore of gas mixture to 
steady-flow turbine \inllmlted 
Maximum tempera tiire of gas mixture to steady- 
flow turbine limited to 1600° P 
Maximum available temperature of gas mixture to 
steady-flow tttrblne unlimited; blowdown turbine 
omitted 

Maximum temperattire of gas mixture to steady-flow 
turbine limited to 160QO P; blowdown turbine 
omitted I I ! I I I I 
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Figure 6» - Effect of pressure ratio Pe/Pm net brake specific 
horsepower of composite engine for various methods of operation. 
Compression ratio, 3. 
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Figure 7. - Effect of pressure ratio Pg/Pm on net brake specific 
fuel consumption of composite engine for various compression 
ratios* Maximum available temperature of gas mixture to steady- 
flow turbine unlimited. 
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foximvim available temperatvire of gas mixture to 
steady-flow turbine unlimited 
laximum temperature of gas mixture to steady- 
flow turbine limited to 1600° P 



ava;LXBsxe i>emperauure oi gas xu 

steady -flow turbine unlimited; blowdown turbine 
omitted 

Nat brake specific fuel consumption, Ib/hp-hr 
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turbine limited to 1600® P; blowdown turbine 
omitted 
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Pe/Pm 

Figure 8. - Effect of pressure ratio Pe/Pm brake specific 

fuel consumption of composite engine for various methods of oper- 
ation. Compression ratio, 3. 


Ket brake specific fuel consumption, Ib/lip-hr 


Fig. 9a 


NACA FW NO. E7D29 



Wet brake specific horsepower, hp/cu In. 


(a) Maximum .available temperature of gas mlxttu?e 
to steady-flow turbine unlimited. (Cross- 
plotted from figs. 5 and 7.) 

Figure 9. - Net brake specific horsepower and net brake specific 
fuel consumption of composite engine. 
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Fig- 9 b 





Figure 9. - Continued. Net brake specific horsepower and net brake 
specific fuel consumption of composite engine. 




Net brake specific fuel consumption, Ib/hp-hp 



(c) Maxlmtim available temperature of gas mlxtiu*e to steady- 
flovr turbine unlimited; blowdown turbine omitted, 
Figure 9, - Continued, Net brake specific horsepower and net brake 
specific fuel cons\imptlon of composite engine. 




Net brake specific fuel consumption, Ib/hp-hr 



Net brake specific horsepower, hp/cu In. 


(d) Maximum temperature of gas mixture to steady-flow 
turbine limited to 1600° P; blowdovm turbine omitted. 
Figure 9. - Concluded. Net brake specific horsepower and not brake 
specific fuel consumption of composite engine. 
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(a) Compression ratio* 6. 

Composite engine 

Blowdown turtlne 

Component engine 

Compressor. 

Steady-flow turbine 

Steady-flow tvurblne 

less compressor 
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(b) Compression ratio* 3. 

Figure 11. - Effect of pressure ratio Pe/Pm niid compression ratio 
on load distribution. Maximum available temperature of gas mixture 
to steady-flow ttirbine tmlimited. 
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0 .2 .4 .6 .8 i.O 

Pe^Fm 

(cl kbxlmum available temperature of 
gas mixture to steady— flow turbine 
unlimited; blowdown turbine omitted. 
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(d) Muclnum temperature of gas mixture 
to steady.^ low turbine limited to 
I600P F; blowdown turbine omitted. 


Figure 12. — Effect of change In I nlet -manifold temperature, scavenging ratio, and 
fuel-air ratio on net brake specific horsepower of composite engine. Compression 
ratio, 6; standard conditions; Inlet-manifold temperature t^, 200® F; fuel-air 
ratio F/A, 0.067; scavenging ratio >1^ ■ 0.292 \[l-( Pg/Pj^l] [t^ +♦60])®*^'*^^ 
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(c) Kbximun available temperature of Id) Uudmun temperature of gas mixture 

gas mixture to steady>-f lour turbine to steadjuficw turbine T-Imlted to 

unlimited; blowdown turbine omitted. I600r F; blowdown turbine omitted. 

Figure 15. — Effect of change In Inlet-manifold temperature, scavenging ratio, and 
fuel-air ratio on net brake specific fuel consumption of composite engine. Com- 


ic) Kbximun available temperature of 
gas mixture to steady<-flow turbine 
unlimited; blowdown turbine omitted. 


lerature of gas mixture 
ow turbine Mmited to 


presslon ratio, 6; standard conditions: Inlet-manifold temperature t^,, 200° F; 

fuel-air ratio F/A, 0.067; scavenging ratio “ 0.292 {[ 1-1 p^/p„>] [t„ + 
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Figure 14, - Scavenging efficiency as function of scavenging ratio. 
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Figure 15. - Effect of scavenging ratio on temperature in cylinder 

at end of scavenging process. 
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Figure 16. - Comparison of calculated scavenging ratio and 

scavenging efficiency with data from 4^ — by 7-lnch two-stroke 
cycle spark-lgnltlon engine. Engine speed, 2000 rpm; Inlet- 
alr temperatiore , 100° P. 
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Figure 17. - Maximum allowable inlet-manifold pressure as a 
function of p^/pj^ and compression ratio. Maximum cylinder 

pressure, 1200 pounds per square inch absolute. 
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